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Solid state atom-like systems have great promise for building quantum networks at scale but are
burdened by phonon sidebands and broadening due to surface charges. Nevertheless, coupling to a
small mode volume cavity would allow high rates of extraction from even highly dephased emitters.
We consider the nitrogen vacancy centre in diamond, a system understood to have a poor quantum
optics interface with highly distinguishable photons, and design a silicon nitride cavity that allows
99% efficient extraction of photons at 200 K with an indistinguishability of > 50%, improvable by
external filtering. We analyse our design using FDTD simulations, and treat optical emission using
a cavity QED master equation valid at and beyond strong coupling and which includes both ZPL
broadening and sideband emission. The simulated design is compact (< 10 µm), and owing to
its planar geometry, can be fabricated using standard silicon processes. Our work therefore points
towards scalable fabrication of non-cryogenic atom-like efficient sources of indistinguishable photons.
The nitrogen vacancy (NV) centre in diamond is per-
haps the best understood optically-addressable atom-like
system with a long-lived electron spin at room tem-
perature, and is a promising platform for implementing
quantum networks. Unfortunately, at room temperature
(300 K), the 15 THz broadened zero-phonon line (ZPL),
and a sideband which redshifts> 95 % of emission, means
the native defect has a poor quantum optics interface
with a very low probability of emitting single photons
into single spatial and spectro-temporal modes. Such
sources are essential for building future quantum net-
works as these ‘indistinguishable’ photons can be used
to entangle remote NV centre spins through high fidelity
quantum interference1. The indistinguishability I can be
estimated by considering the natural linewidth γ = 30
MHz over the broadened linewidth γ∗ = 15 THz, scaled
by a 0.02 Debye-Waller factor DW
2, which gives4:
I = D2W
γ
γ + γ∗
, (1)
yielding I = 0.8 × 10−9, effectively useless for generat-
ing remote entanglement events. Cooled to 4 K, the ZPL
emission narrows dramatically with γ∗ reaching of order 1
GHz. Typically, the emitter is coupled to a high Q cavity
to enhance emission into the ZPL mode via the Purcell
factor, with experiments currently reporting a ZPL frac-
tion of 0.464. From this, spectral filtering the ZPL results
in a quantum resource for generating entanglement over
distances1,5. However, liquid helium cooling, although
convenient in a laboratory experiment, brings complex-
ity and constraints that are prohibitive in applications
such as quantum communication networks, especially as
the size of the network increases beyond ten nodes. As
such, improving operation to the regime of Peltier cool-
ing (200 K) or even room temperature would be highly
beneficial. Additionally, sufficient Purcell enhancement
∗ j.smith@bristol.ac.uk
could enable single shot electron-spin read out for room
temperature spin-photon interfaces6,7.
Further, although cryogenic emission is spectrally nar-
row, wander due to charge noise remains problematic,
resulting in a broader effective linewidth γ∗, especially
as the NV centre is brought close to the surface to im-
prove its photonic interface4 and the requirement for pre-
selecting lifetime-limited NV centres severely restricts
scalability. Owing to this, the study of dephased emitters
in cavities is important even for cryogenic regimes.
Recently ultra-small mode volume photonic crystal
cavities (PhCCs) in silicon waveguides have been de-
signed and fabricated8. These ‘bow tie’ cavities would
show extremely high spontaneous emission enhancements
at reasonably low quality factors suitable for enhancing
broader ZPL modes. Here, we demonstrate such a cavity
design in silicon nitride, compatible with our demonstra-
tion of low fluorescence silicon nitride films encapsulat-
ing nanodiamond containing single NV centres9. With
an ultra-small (<< λ3) mode volume, it is possible to
achieve a large atom-cavity coupling rate g, which serves
to increase the Purcell-enhanced spontaneous emission
rate R ∼ g2/κc, where κc is the cavity linewidth (or
leakage rate). Increasing R to the rate γ∗ results in the
potential for indistinguishable photons to be extracted
from the NV centre above cryogenic temperatures, de-
spite its broad ZPL linewidth, as the emission leaves the
atom-like environment faster than dephasing processes.
We model the ZPL of the NV centre coupled to a cavity
at the onset of strong coupling using a Lindblad master
equation3, which we then extend to consider the implica-
tions of the broad NV centre sideband on source figures
of merit4. The sideband has a significant effect on the in-
distinguishability of photons from the NV centre, and we
observe a trade-off between cavity-filtration of sideband
photons and avoiding strong coupling, which causes the
emission to split due to vacuum Rabi oscillations. We
show that high indistinguishability can be observed at
200 K, especially when externally filtered to remove the
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FIG. 1. (a) Bandstructure of a silicon nitride bow tie pho-
tonic crystal8 designed at λ = 637 nm. (b) Photonic crystal
unit cell showing bow tie confinement and V-groove z confine-
ment. Electrical energy density |E|2 at the band edge shows
the ultra small mode volume realised (c) by the bow tie in the
plane and (d) a non-planar incision into the dielectric at x =
0.
remaining sideband fraction. Finally, we use the parame-
ters from this study to simulate an ultra-small mode vol-
ume cavity, exploring how fabrication tolerances would
affect the cavity performance.
In cavity QED, the coupling rate g, which characterises
the interaction of a dipole with the electric field operator,
scales with the field mode volume Vm as g ∼ 1/
√
(Vm).
In weak coupling, the rate of transfer from the atom to
external photons R scales as g2/κc. Where dephasing is
significant, as in the NV centre, the interaction strength
g must be strong to overcome the dephasing rate γ∗ to
produce useful indistinguishable photons, and we require
g2/κc ≥ γ∗. Wavelength-scale mode confinement, with
Vm ∼ (λ/n)3, was a key advance in PhCCs a decade ago.
Sipahigil et al. demonstrated that, with Vm = 2.5(λ/n)
3,
they obtained a coupling of g = 13 GHz to a silicon
vacancy in diamond11. Recently, Hu et al. fabricated
a PhCC with a mode volume of Vm ∼ 0.001 (λ/n)3 ,
measured as the integral of the electrical energy density
normalised by the maximum energy density8:
Vm =
1
max(εE2)
∫
εE2dV, (2)
This small mode volume was achieved by modifying a
standard cylinder photonic crystal cell to contain a ’bow
tie’ of high index material leading to the mode being
concentrated at the apex of the bow tie. Further con-
finement in the out of plane z-direction was achieved by
thinning the centre of the bow tie by etching a V-groove.
We model a bow tie photonic crystal unit cell in a 200 nm
thick silicon nitride (n = 2.0) waveguide using Lumerical
FDTD. In Fig. 1(a) we demonstrate that a photonic crys-
tal bandgap forms around the ZPL linewidth at 637 nm
(470 THz), by repeating 250 nm unit cells, from which a
defect can be introduced to realise a cavity8. In Fig 1(b),
we illustrate the photonic crystal unit cell. Fig. 1(c)
illustrates the tightly confined electrical energy density
ε|E|2 of this structure in the plane, and Fig. 1(d) as
a cross-section, demonstrating sub-wavelength confine-
ment is achievable in lower index contrast media.
From the simulated field, this geometry has a mode
volume Vm = 0.0052 (λ/n)
3 at the ZPL of the NV centre
which should provide significantly enhanced NV centre
coupling. In the next section, we consider optimal cav-
ity parameters (g,κ) rigorously, focusing on maximising
indistinguishability and efficiency, and incorporate the
effects of the broad NV centre phonon sideband in its
single photon emission.
Single photons are useful for simple quantum informa-
tion protocols such as encoding bases in quantum key
distribution. However, for more challenging quantum in-
formation tasks it is important that 1) two photons from
a single emitter are indistinguishable from each other,
and 2) photon emission occurs with high efficiency, i.e.
generated on demand. To calculate the ZPL indistin-
guishability, we model the NV centre–cavity system as
a two-level system with pure dephasing. This is coupled
to a one sided single mode cavity with annihilation (cre-
ation) operator a (a†), with the Lindblad master equation
∂tρ(t) =− ig[X, ρ(t)]
+ γLσ[ρ(t)] + γ∗Lσ†σ[ρ(t)] + κcLa[ρ(t)], (3)
where κc is the cavity width and X = σ
†a + σa†. From
this, we numerically integrate the two-colour emission
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FIG. 2. (a) Indistinguishability of the zero-phonon line
(IZPL) at 200 K. In red, cavities with a mode volume Vm
= 1 (λ/n)3 cannot achieve highly IZPL. In green, the bow
tie cavity with 0.001 (λ/n)3 allows IZPL = 0.96 although this
requires a low Q to prevent strong Rabi-induced splitting of
the emission. (b) effect of varying Q on the 0.1 (λ/n)3 cavity
ZPL. Maximal IZPL occurs centre at slight splitting.
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FIG. 3. Cooling the NV centre dramatically narrows the
ZPL (in orange (a) and (c)). (b) To capture the ZPL at 300
K, low I results because incoherent sideband photons are not
filtered. (d) At 200 K, optimal I = 0.54 with more sideband
filtered. Inset: an external filter can boost I by reducing
efficiency β at the maximum of the contour.
spectra to find the indistinguishability of the ZPL
IZPL =
∫∞
−∞ dω
∫∞
−∞ dν|SZPL(ω, ν)|2
F2ZPL
, (4)
where FZPL =
∫∞
−∞ dωSZPL(ω, ω) is the power into the
ZPL.
In Fig. 2(a), we calculate IZPL at different Vm (see sup-
plementary material for full details) at large dephasing,
γ∗ = 1 THz, present in non-cryogenic systems. Parame-
terised by (Vm, Q), the region of small Vm, low Q, affords
high indistinguishability I and cavity efficiency FZPL12.
We observe that, in contrast to a bow tie design, the
1 (λ/n)3 cavity cannot produce IZPL > 0.4. Arbitrary
strong g without κ dampening causes the ZPL to be split,
reducing indistinguishability, causing a point of optimal
IZPL at the onset of strong coupling where the emission
splits into two modes (see Fig. 2(b) ).
To capture the sideband emission of the NV cen-
tre we use a phenomenological approach with the side-
band modelled as seven Lorentzian lines2. It is assumed
that the sideband is incoherent and therefore gives rise
to only distinguishable photon emission. To determine
the impact of the sideband on our indistinguishability
efficiency figures of merit, we assume that the cavity
acts as a filter with width κc on the off-resonant side-
band emission, resulting in a sideband relative power
FSB =
∫∞
−∞ dω|hc(ω)|2SSB(ω), where hc(ω) = iκc/2(iω−
κc/2)
−14. This gives an overall indistinguishability
I = IZPL
( FZPL
FZPL + FSB
)2
, (5)
with the two factors giving contributions arising from the
ZPL and sideband respectively. Analytical expressions3
for IZPL were first used to find the optimal parameters
with the final values of I given from the numerical model.
Further details of this model are given in the supplemen-
tary material.
Fig. 3(a) shows the calculated spectrum at 300 K,
while in Fig. 3(b) we show the calculated photon indis-
tinguishability, from which we see it is possible to obtain
I = 0.12 with an appropriately designed bow tie cavity
with parameters Vm = 0.001(λ/n)
3 and Q = 200. How-
ever, this broad cavity retains much of the incoherent
sideband photons, and there is a trade-off for optimal I
between the Purcell enhanced spontaneous emission and
the spectral filtering of the sideband. In comparison, in
Fig. 3(c), at the limit of non-cryogenic cooling T = 200 K,
the thermal broadened ZPL narrows to γ∗ = 1 THz
whilst the sideband remains broad13. In Fig 3(d), with
a narrower ZPL, we can operate in a higher Q regime
compared to 300 K and filter a significant percentage of
the sideband reaching I = 0.54.
In both cases, I can be further increased at the detri-
ment of the system efficiency by externally filtering the
emission with a Fabry–Perot filter with width kf , as
shown in the insets. Here the efficiency β is the power
into the filtered spectra as a proportion of the unfiltered
spectra. In the 200 K system, this results in I = 0.73
at β = 0.29 with κf = 0.3 THz. Due to the assumption
of a completely incoherent sideband, for very tight ex-
ternal filters (κf < Rγ) our model likely underestimates
the true value of I, as in this regime sideband photons
themselves are expected to regain coherence14.
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FIG. 4. (a)i Gaussian mode demonstrated by modulating the
diameter of the circular bow tie along the waveguide. (a)ii the
planar structure increases Vm compared to Fig 1. (b) Once a
20 nm cube to model the nanodiamond is inserted, the x-plane
modal confinement is diminished. (c) In contrast, the index
contrast of the nanodiamond improves z-plane confinement.
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FIG. 5. (a) The 5 taper cell design (shown by rectangle)
reaches optimal I at the simulated Vm and Q. (b) Orientat-
ing the cavity with the projection onto the chip plane of the
N-V axis (in blue) ensures good cavity coupling to one electric
dipole (orange). (c) Plotting the field structure f(r), orien-
tated as Fig 4, models the effect of the NV centre position.
Following Fig. 3(d), a cavity that sufficiently filters
the sideband requires a larger Vm than the design in
Fig. 1(b), to avoid strong ZPL splitting at g  κc. Moti-
vated by this, we simulate a planar PhCC cell, shown
in Fig. 4(a)ii, where, compared to Fig. 1(b), there is
no confinement in the z-direction, for which we find
Vm = 0.011(λ/n)
3. Removing the V-groove, the struc-
ture now has ease of fabrication, compatible with stan-
dard planar lithography, yet still provides a significantly
smaller mode volume than standard designs.11.
The cavity is realised by reducing the air hole diameter
from 140 nm to 100 nm. By quadratically tapering the
hole diameter, we form a Gaussian mode15. Fig. 4(a)i
demonstrates the mode confinement of the cavity in the
x-y plane, although in Fig. 4(a)ii there is no longer strong
confinement in the z-direction. To reach the desired Q,
we use 10 mirror pairs and 5 taper pairs, each with a cell
size of 250 nm, for a total cavity length below 10 µm.
The total cavity mode volume is then Vm = 0.075(λ/n)
3.
As this cavity is shorter than high Q designs it could be
densely integrated at chip-scale.8,11.
To couple the NV centre it is necessary to model the
effect of loading the silicon nitride cavity with a nanodi-
amond. We model this as a 20 nm cube with refractive
index n = 2.4 at the centre of the cavity. In Fig. 4(b) the
nanodiamond acts to increase Vm in the x-plane as it is
larger than the 5 nm bow tie apex. However, in Fig. 4(c),
Vm is reduced in the z-plane, owing to the introduced re-
fractive index contrast. Through this trade-off, the over-
all Vm is similar to the unloaded case. The low Q of the
structure is not greatly affected by the nanodiamond per-
turbation. The loaded cavity with five taper cells is near
optimal for the 200 K parameter space with βI = 0.52.
Fig. 5(a) compares different taper designs and indi-
cates the 5 taper pair cavity is robust to 10 % error
in fabricated Q. Given the stochastic formation of the
atom-like emitter in the nanodiamond, the orientation
and location of the optical dipole should also be consid-
ered as a fabrication variation to find the true g coupling.
Firstly, the NV centre will be oriented at random. The
rate g is affected by the overlap of the dipole a and the
cavity field c by the dot product ∗a ·c (see supplementary
information for full expression). An NV centre consists
of two dipoles in a plane perpendicular to its N-V mag-
netic dipole and in the worst alignment, this plane is
perpendicular to the cavity mode, resulting in an effec-
tive g = 0. Our strategy would be to find the orientation
of the NV magnetic dipole and project this orientation
into the plane of the sample. Shown in Fig. 5(b), by ori-
entating the cavity we can ensure ∗a · c = 1 for one of
the two electric dipole axes of the emission.
Secondly, the location of the NV centre within the nan-
odiamond affects the rate g by the factor f(r) defining
the spatial structure of the cavity electic field (see sup-
plementary material for details). In Fig. 5(c), we plot
f(r) for the Vm = 0.075 cavity, noting that it falls to
0.5 at ±6 nm from the mode maximum. Away from
the maximum, we can consider an effective mode volume
V ∗m = Vm/|f(r)|2. In Fig. 5(a), I < 0.5 for the Vm = 0.15
contour, equivalent to f(r) = 0.7, indicating the NV cen-
tre position will be critical to realise good coupling.
In summary, we have demonstrated a class of ultra-
small mode volume cavities that could significantly im-
prove non-cryogenic emission of the NV centre for quan-
tum information applications. By combining Peltier cool-
ing with new PhCC structures, it is possible to increase
the indistinguishability by nine orders of magnitude to
I = 0.54. The Purcell enhancement results in photons
effectively being emitted on demand under pulsed exci-
tation. Here emission could be filtered to extract high
purity indistinguishable photons with I = 0.73 at 29 %
extraction efficiency. Higher values can be achieved with
tighter filters or at lower temperatures if we relax the
Peltier cooling limit. We could also potentially use this
emission enhancement with single shot spin readout6 and
herald entanglement between remote spins. These cav-
ity enhancement techniques could equally be applied to
other colour centres where the phonon sideband is less
pronounced leading to highly indistinguishable emission
at elevated temperatures, for linear optic quantum com-
putation applications. In this work aimed at NV centres
we have developed a planar nanodiamond-silicon nitride
cavity design considering robustness to the Q factor and
the NV centre position. Following our recent work encap-
sulating NV centres in silicon nitride9, it should be possi-
ble to fabricate this design as a step towards on-demand
indistinguishable photons above cryogenic temperatures.
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1Supplementary Information
In this supplement we detail theoretical and simulation information to support the main text.
I. SUPPLEMENTARY MATERIAL
A. PhC simulation
Using Lumerical FDTD, we model a photonic crystal unit cell in a silicon nitride (n = 2.0) waveguide with thickness
200 nm and width 300 nm using periodic boundary conditions in the waveguide propagation direction and symmetry
in the other two planes with a 5 nm mesh. The structure is perturbed by sweeping a dipole source to determine its
bandstructure. We record the electric field E and the permittivity ε along the meshed structure at the Yee cell to
prevent interpolation error. The mode volume Vm is extracted by summing the normalised electric power density over
the simulation extent, multiplied by the unit mesh step size dV = dxdydz.
B. Coupling factor
Using the calculated mode volume, the expression for the coupling factor g can be found as:
g =
2
~
d
√
~ωc
2ε0n2cVm
f(r)∗a · c, (S1)
The term d is the dipole matrix element of the spontaneous emission d =
√
3piε0c3~
τneω3e
, a function of τr the radiative
lifetime, and the frequency of emission ωe. The term ωc is the cavity frequency, designed to be on resonant with the
zero-phonon line. The term ∗a · c indicates the orientation of the dipole a with respect to the cavity c and the
function f(r) is the dimensionless vector that describes the spatial structure of the electric field, putting constraints
on the true achievable g, especially with extremely sharp mode profiles.
C. Indistinguishability
To calculate the indistinguishably of the NV center, we model the system as a TLS system coupled to a one sided
single modeled cavity with linewidth κc. We use the following 2nd order Born-Markov master equation to model the
zero-phonon line (ZPL) emissionS1
∂tρ(t) = −ig[X, ρ(t)] + γLσ[ρ(t)] + γ∗Lσ†σ[ρ(t)] + κcLa[ρ(t)], (S2)
where X = σ†a + σa†, LA[ρ(t)] = AρS(t)A† − 12
{
A†A, ρS(t)
}
, γ is the spontaneous decay rate of the TLS, γ∗ is
the pure dephasing rate. The two color detected emission spectrum of the NV-cavity system into the ZPL can be
expressed as SZPL(ω, ν) = sZPL(ω, ν) + sZPL(ν, ω)∗, with
sZPL(ω, ν) =
κc
2pi
∫ ∞
0
dt
∫ ∞
0
dτeiω(t+τ)e−iνt
〈
a†(t+ τ)a(t))
〉
. (S3)
The NV–centre sideband emission SSB(ω) is modelled as a summation of seven Lorentzian functionsS2. To model
how this sideband emission is modified by the cavity, we multiply it (in the frequency domain) by the cavity filter
function hc(ω) = i
κc
2 /(i(ω − ω0)− κc2 ), this gives
SSB(ω, ν) = N |hc(ω)|2
∑
i
Ai
pi
(Γi/2)
(ω − ω0,i)2 + (Γi/2)2 , (S4)
where Ai is the relative amplitude of the peaks, ω0,i are their relative positions and Γi are the full-width at half-
maxima. The normalisation factor N is chosen such that the Debye-Waller fraction (fraction into the ZPL) is
DW = 2.06% for the bare emission (without cavity effects) of the NV centre, which is taken from Albrecht et
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FIG. S1. : Top: the 300 K spectra has a broader ZPL which is significantly split in this cavity regime. The filter at −g removes
some of the sideband at a loss of the ZPL efficiency. Below: in contrast, at 200 K, the ZPL is narrower and the filter removes
more sideband with higher overall efficiency.
al.S2. To fix N in our calculations, we first find the two color ZPL emission spectrum of the bare NV–centre,
S(0)ZPL(ω, ν) = s(0)ZPL(ω, ν) + s(0)ZPL(ν, ω)∗, with
s
(0)
ZPL(ω, ν) =
γ
2pi
∫ ∞
0
dt
∫ ∞
0
dτeiω(t+τ)e−iνt
〈
σ†(t+ τ)σ(t))
〉
, (S5)
where this needs to be evaluated with the master equation ∂tρS(t) = γLσ[ρ(t)] + γ∗Lσ†σ[ρ(t)]. The bare sideband
spectrum follows the form of equation (S4) without filtering (i.e. with hc(ω) = 1). We then fix N such that
F (0)ZPL/(F (0)ZPL + F (0)SB ) = DW = 2.06% where F (0)ZPL =
∫
dωS(0)ZPL(ω, ω).
The indistinguishability of NV–cavity system including cavity effects is given by
I =
∫∞
−∞ dω
∫∞
−∞ dν|SZPL(ω, ν)|2(FZPL + FSB)2 , (S6)
where FZPL =
∫∞
−∞ dωSZPL(ω, ω) and FSB =
∫∞
−∞ dω|hc(ω)|2SSB(ω) are the power into the ZPL and SB respectively.
The sideband contribution is neglected from the numerator as it is assumed to be purely incoherent. Factoring out
the sideband contribution we can rearrange (S6) to give
I = IZPL
( FZPL
FZPL + FSB
)2
, (S7)
where IZPL =
∫∞
−∞ dω
∫∞
−∞ dν|SZPL(ω, ν)|2/
(FZPL)2 is the indistinguishability of the ZPL, which can be verified using
the analytical model in Wein et al.S3, used to evaluate the contour plots in the main text.
D. Filtering
We now extend this formalism to include the effects of Lorentzian Fabry-Perot filter to the NV-cavity detected
emission. The filter is assumed to be described by the frequency space Green’s function hf (ω) =
κf
2 /(i(ω−ω0)− κf2 ),
which multiplies the positive frequency component of the detected electric field operatorS4. The expression for
indistinguishability inluding filtering then becomes
Ifilt =
∫∞
−∞ dω
∫∞
−∞ dν|hf (ω)|2|hf (ν)|2|SZPL(ω, ν)|2( ∫∞
−∞ dω|hf (ω)|2SZPL(ω, ω) + |hf (ω)|2|hc(ω)|2SSB(ω)
)2 . (S8)
3Re-arranging to factor out the SB fraction we find
Ifilt = I
filt
ZPL
( FfiltZPL
FfiltZPL + FfiltSB
)2
, (S9)
where FfiltZPL =
∫∞
−∞ dω|hf (ω)|2SZPL(ω, ω) and FfiltSB =
∫∞
−∞ dω|hf (ω)|2|hc(ω)|2SSB(ω) are the power af-
ter filtering in the ZPL and SB respectively. The indistinguishability of the filtered ZPL is IfiltZPL =( ∫∞
−∞ dω
∫∞
−∞ dν|hf (ω)|2|hf (ν)|2|SZPL(ω, ν)|2
)
/
(FfiltZPL)2.
E. Effect of the cavity and filter parameters on the NV centre spectra
In Fig S1, we show the effect on the spectra after adding the filter compared to the post-cavity spectra. In the 300
K case, kf = 1 THz with (kc, g) = (12.3, 15.3)/(2pi) and, at 200 K, kf = 0.3 THz with (kc, g) = (3.2, 2.75)/(2pi). The
filter has been detuned to the lower wavelength peak of the split ZPL at −g in order to maximise the efficiency of
the collected emission. After the cavity, the sideband is spectrally filtered but still remains significant as a fraction of
the total emission, hence the low overall indistinguishability. The cavities are optimal at the onset of strong coupling,
hence the splitting in the ZPL. The act of the filter further reduces the sideband fraction whilst also reducing some
of the ZPL emission, resulting in an increase in indistinguishability at a loss of efficiency.
F. Cavity simulation
Using Lumerical FDTD, we model the planar photonic crystal unit cell as before to calculate the desired Vm.
Following this, we find the cavity Vm for 10 mirror pair cells and n linearly spaced taper cells, defined by quadratic
tapering the radius of the cylindrical hole (square root decreasing towards the central defect) whilst keeping the
bow-tie geometry constant. This can be parameterised as:
ri = (rcav − r0)
√
i
n/2
+ r0, i = {0, n/2}, (S10)
ri = (rcav − r0)
√
n− i
n/2
+ r0, i = {n/2, n}, (S11)
where rcav = 50 nm and the mirror cell radius r0 = 70 nm. We calculate the quality factor of the cavity Q by fitting
the envelope of the decay of the electric field E(t) averaging the field recorded by monitors placed along the first
period of the structure.
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